Bose-Einstein condensation in dark power-law laser traps 
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We investigate theoretically an original route to achieve Bose-Einstein condensation using dark 
power-law laser traps. We propose to create such traps with two crossing blue-detuned Laguerre- 
Gaussian optical beams. Controlling their azimuthal order £ allows for the exploration of a multitude 
of power-law trapping situations in one, two and three dimensions, ranging from the usual harmonic 
trap to an almost square- well potential, in which a quasi- homogeneous Bose gas can be formed. The 
usual cigar-shaped and disk-shaped Bose-Einstein condensates obtained in a ID or 2D harmonic 
trap take the generic form of a "finger" or of a "hockey puck" in such Laguerre- Gaussian traps. In 
addition, for a fixed atom number, higher transition temperatures are obtained in such configurations 
when compared with a harmonic trap of same volume. This effect, which results in a substantial 
acceleration of the condensation dynamics, requires a better but still reasonable focusing of the 
Laguerre- Gaussian beams. 

PACS numbers: 03.75.Hh, 03.75.Kk, 37.10.Gh 



I. INTRODUCTION 

Quantum information processing and matter-wave in- 
terferometry are two applications of atom optics which 
demand an unprecedented level of quantum control of the 
external and internal degrees of freedom of atoms and 
molecules. They require the implementation of minia- 
turized atomic and molecular traps in order to mini- 
mize the number of accessible translational energy levels. 
These traps can be realized using either an inhomoge- 
neous magnetic field created by micro-fabricated circuits 
on an atom chip [l[ or the inhomogeneous electric field 
of a laser beam profile Q. The first technique, which 
allows for the implementation of complex trap configura- 
tions of almost arbitrary geometry [3| , is limited to spe- 
cific Zeeman sublevels and may suffer from decoherence 
due to the proximity with the chip surface. With the sec- 
ond technique, any kind of internal atomic or molecular 
state may be trapped in a non-dissipative way, but this 
approach usually suffers from a lack of flexibility since 
the shape of the trapping potential is not easily reconfig- 
urable Q . 

However, the use of programmable diffr active optical 
elements has recently brought a new flexibility for the op- 
tical manipulation of single atoms [5[ and of cold atomic 
ensembles [6[ . 

With atomic traps realized using the optical dipole 
force, the atoms can be attracted or repelled from high 
intensity regions, depending on the sign of the laser de- 
tuning with respect to the atomic transition frequency. 
With blue-detuned traps, where the light frequency is 
tuned above the atomic resonance, it is possible to avoid 




Transverse coordinate 

FIG. 1: (Color online) Schematic cut of the trapping potential 
Ve(p) from Eq. (|5} along the x axis for £ = 1 (harmonic case, 
left) and for £ = 6 (right) with their associated energy level 
structures. The blue shapes represent the expected Thomas- 
Fermi condensate atomic densities. 



many of the possible sources of decoherence since the 
atoms are confined in regions of minimum light inten- 
sity. In this case, spontaneous photon scattering events 
are relatively rare, providing low heating rates. The 
light-induced shifts of the atomic energy levels are also 
reduced, and low laser powers are usually sufficient to 
trap a large collection of atoms during a relatively long 
time [7[ . 

Dark hollow laser beams offer interesting perspectives 
in this context due to the development of efficient ap- 
proaches for generating these types of optical configura- 
tions with programmable [H, ^ and dynamically reconfig- 
urable [To| holograms. 

Laguerre- Gaussian (LG^) optical beams [ll| are such 
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circularly symmetric hollow laser modes. They are char- 
acterized by a radial index p and an azimuthal index 
i [lH . These beams carry a well defined orbital angu- 
lar momentum £h along their propagation axis. This 
property was used recently for the coherent preparation 
of atomic vortex states in a Bose-Einstein condensate 
(BEC) of sodium atoms [l3| and to induce the persistent 
flow of a BEC confined in a toroidal trap [14| . 

Here, we report on the transition temperature and on 
the growth dynamics of trapped interacting dilute Bose 
gases in blue-detuned Laguerre- Gaussian laser beams. In 
the dark region surrounding the beam propagation axis, 
the atoms are confined in a quasi power-law trapping po- 
tential Vi(p) oc p 2 ^, where p = ^ x 1 + y 2 is the radial 
distance to the beam center [l5| . Typical shapes of such 
trapping potentials are shown in Fig. [I] in the case of a 
harmonic trap {I = 1), and for t = 6, along with the 
Thomas-Fermi atomic densities expected for large con- 
densate occupation numbers. These traps are character- 
ized by very different energy level structures which will 
necessarily affect the condensation process. In addition, 
for large condensate occupation numbers, the atomic 
density should reflect the shape of the potential, yield- 
ing very different distributions for different values of as 
seen schematically in Fig.[TJ For i —> oo, a quasi square- 
well potential is obtained, providing a homogeneous trap. 
In practice, for £ ^ 4 the condensate is characterized by 
an almost constant density over the entire trap volume. 



II. DESCRIPTION OF THE TRAP 



FIG. 2: (Color online) (a) Light intensity of a LGq mode (with 
i — 4) as recorded by a CCD camera close to the focal point 
(see pil for details), (b) Red solid line: associated averaged 
intensity profile. Blue dashed line: simple power-law variation 
proportional to p 8 . 



are given in Ref. [8] and in Ref. [Tfj. As can be seen in 
Fig.[2fb), the averaged measured intensity profile follows 
a clean power-law variation h(p) oc p 2i inside the ring of 
light. In addition, near the ring center the light intensity, 
which should approach zero according to Eq. (pQ) , quickly 
reaches the background noise of the CCD camera. 

Far- and blue-detuned from the atomic resonance, the 
center of the intensity profile of Eq. (pQ) can be used to 
trap neutral atoms. The associated dipole optical poten- 
tial can be written as 



(3) 



In order to create a power-law laser trap we propose to 
use Laguerre-Gaussian beams, more precisely LGq modes 
with p = 0. These modes are circularly symmetric, and 
their intensity profile can be written as 
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where £ is the order of the mode, P the beam power and 
wq the beam waist. Inside the Rayleigh range \z\ <C zr 
with zr = ttwq/X, the beam waist can be considered as 
constant. A denotes here the radiation wavelength. As 
shown in Fig.[2j the laser profile consists in a ring of light 
with the maximum intensity 
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located at p = po = wq \/£/2. 

Many methods are available for creating Laguerre- 
Gaussian modes. One of them consists in applying a 
helical phase xW = to the wavefront of a Gaus- 
sian beam. This transforms the Gaussian beam into a 
nearly-pure Laguerre-Gaussian mode. Experimentally, it 
is performed with a phase-hologram which can be real- 
ized for example with a liquid crystal spatial light modu- 
lator. Details about the method and the generated modes 



in the framework of the usual two- level approximation Q . 
T s is the spontaneous atomic emission rate, S the laser 
detuning, and I s the saturation intensity [17j. This trap- 
ping potential is therefore characterized by a potential 
barrier of height 
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located at p = po. In addition, well inside the waist 
radius (p <C wo), and for atoms having a temperature 
ksT <C VJ?°, this potential is, in a good approximation, 
given by the expression 
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which follows a simple even power-law variation. 

In order to create a 3-dimensional trap, we have con- 
sidered an all-optical configuration consisting of two per- 
pendicularly crossing LGq laser modes. The polariza- 
tions of these two beams are chosen to be orthogonal to 
avoid any interference pattern. The first beam, circularly 
symmetric, propagates along the z direction and provides 
trapping in the (x, y) plane. Trapping in the third dimen- 
sion is provided by another strongly elongated Laguerre- 
Gaussian beam shaped elliptically in the form of a light 



3 



sheet and propagating in the x direction. With this beam 
configuration, the corresponding potential near the trap 
center is described by 



V(p,z) = U ± p a + U z z 



(6) 



where a and j3 are two even integers. As seen in Eq.©, 
U± and U z are simple functions of the laser parameters 
P, S and wq of the two beams. 



III. BOSE-EINSTEIN CONDENSATION IN A 
POWER-LAW TRAP 

A. Geometrical aspects 

In the mean-field regime, a BEC formed in such a 
trap can be described by the normalized macroscopic 
condensate wave function ^ c (p, z) solution of the Gross- 
Pitaevskii equation [H| 



2m 



V(p,z)y c + gN c \y c \ 2 y c = fi c y c , (7) 



where m denotes the atomic mass and p c is the chemical 
potential related to the condensate number N c . The non- 
linear term g N c |^ c | 2 describes the mean field two-body 
interaction whose strength 
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is proportional to the s- wave scattering length a s [19| . 

One of the main parameters which controls the conden- 
sation process is the trap confinement. Indeed, for any 
trap, the condensation process is taking place when the 
atomic density is approximately one particle per cubic 
thermal de Broglie wavelength. More precisely, it can 
be shown [20| that the peak atomic density n(0) in the 
center of the trap and at the onset of condensation is 



n(0) 



(9) 



where ((x) denotes the Riemann zeta function |21| and 

2nh 2 
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is the thermal de Broglie wavelength at temperature T. 
The trap confinement, having a strong influence on n(0), 
has consequently a large impact on the transition tem- 
perature. 

In order to study the effects of the shape of the poten- 
tial, and of this shape only, on the condensation process, 
we have decided to fix the average atomic density, and 
therefore to fix the volume of space occupied by the con- 
densate. For this purpose, we first define the volume of 




FIG. 3: (Color online) Plots of atomic iso-density in the IDlg, 
2Dlg and 3Dlg configurations. The condensate wave func- 
tion is obtained from the solution of the three-dimensional 
Gross-Pitaevskii equation for one million Rubidium-87 atoms 
in a Laguerre- Gaussian trap with £ = 1 (left column) and 
£ = 6 (right column). One can observe the usual cigar, disk 
and spherical shapes for the harmonic trap corresponding to 
£ — 1, while a kind of finger, a kind of hockey puck and a 
cylindrical shape are obtained in the quasi- homogeneous trap 
corresponding to £ — 6. 



the trap where V(p, z) ^ e, e being an arbitrary energy. 
This volume can be written as 



where 

= u~- u z 

and where 
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denotes an important parameter characterizing the shape 
of the potential. T(x) denotes here the complete gamma 
function (2l| . 

We then approximate the condensate chemical poten- 
tial by its Thomas-Fermi expression (valid for large con- 
densate occupation numbers) as 



Vtf(N c ) 
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The volume <V C of the Thomas- Fermi condensate, which 
corresponds to the region where V(p,z) ^ Mtf(^c) 7 is 
then obtained as 
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This volume ^ c will be fixed arbitrarily to <V C 
10 3 /im 3 throughout this manuscript. 

We now consider three distinct configurations that we 
label as IDlg? 2Dlg an d 3Dlg- In the IDlg case, a 
Laguerre- Gaussian beam of index £ > 1 is imposed along 
a single dimension, while trapping in the two others is 
harmonic. This corresponds to a = 2 and f3 = 2£ in 
Eq.(j6]). Similarly, the 2Dlg case corresponds to a 2D 
power-law trapping potential, with a = 2£ and (3 = 2. 
Finally, in the 3Dlg configuration, the power-law poten- 
tial is imposed in all directions, with a = (3 = 2£ and 
U± = U z . In the IDlg and 2Dlg cases, the confinement 
is arbitrarily supposed to be 5 times tighter in the har- 
monic trap compared to the power-law trap, in order to 
recover the usual cigar and disk shapes obtained in the 
case of a ID and 2D confinement respectively. 

Fig. [3] shows the three-dimensional shapes of the con- 
densates obtained by solving the Gross-Pitaevskii equa- 
tion ((J) in these three configurations for £ = 1 and for 
£ = 6. These calculations were performed for one million 
Rubidium-87 atoms using the imaginary-time relaxation 
technique [22| . Compared to the usual harmonic trap in 
ID (cigar shape) and 2D (disk shape) [23j |. one can ob- 
serve that for large values of £ the entire accessible trap 
volume is occupied by an almost constant atomic den- 
sity. Going from £ = 1 to £ = 6 therefore transforms 
the usual cigar shape in a kind of finger and the usual 
disk shape in a kind of hockey puck. In a 3D trap, this 
transformation results in a cylindrical shape for the con- 
densate, while the usual spherical shape is obtained for 
£ = 1. The shape of the condensate can thus be modi- 
fied between these different limits by simply tuning the 
azimuthal index £ of the Laguerre- Gaussian beams. 

We will show hereafter that the variation of the shape 
of the potential has also a strong impact on the conden- 
sation temperature. 



B. Transition temperature 

The total number of particles N can be expressed using 
the equation of state as 

N = —J + ~ X?— r {* + 2 J (/) ' (16) 

where T is the absolute temperature, / = e^^ kuT the 
fugacity and g s (z) the Bose function of order s 
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FIG. 4: (Color online) Condensation temperature T c [Eg . ([19]) ] 
of one million Rubidium-87 atoms as a function of the 
Laguerre- Gauss index £ in the IDlg, 2Dlg and 3Dlg con- 
figurations for the same condensate volume <V C = ^t(^tf) = 
5.3 x 10 3 /im 3 (see text for details). 



In the case of an ideal gas with no zero-point energy, the 
critical value of the chemical potential is fi = 0. Introduc- 
ing this value in Eq. ([T6]) and neglecting the condensate 
number iV c = f / (1 — f) yields the critical temperature 
of the ideal gas 
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m2 C a p((r] + 1) 



(18) 



One can already note from this equation that since 
^^ 7 ? = a + /^ + 'l^2' the power governing the 
variation of the critical temperature with the number 
of atoms varies between | (harmonic trap) and | (ho- 
mogeneous case). Note that similar results were already 
obtained in Ref. [25| in the case of a separable trapping 
potential expressed in Cartesian coordinates. Control- 
ling the Laguerre-Gauss index £ gives access to a wide 
range of trapping situations whose properties differ by 
their power-law variations in N : n+ T . 

For large condensate numbers, two-body interactions 
modify significantly the ideal transition temperature T® 
given in Eq. ([T8]) . The study of this effect has attracted 
a significant amount of attention during the last 50 
years [26| , after it was realized that the dependence of T c 
on the atomic interaction strength is determined by dif- 
ferent physical mechanisms in homogeneous and in inho- 
mogeneous (for instance harmonic) trapping potentials. 
In the case of a homogeneous dilute Bose gas, it is only 
in 1999 that this issue has been settled |27j. 

For the range of parameters explored here, i.e. in the 
presence of a power-law trapping potential with 1 ^ £ $C 
6, long- wavelength fluctuations still have a marginal im- 
pact on the critical temperature. The shift due to atomic 
interactions can therefore be obtained with a good ac- 
curacy using mean-field theory in the thermodynamic 
limit [28] . In our particular case, the corrections due to 
atomic interactions can be introduced up to the second 
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FIG. 5: (Color online) Bose-Einstein distribution of popu- 
lation in the first few IDlg trap levels as a function of the 
Laguerre- Gauss index £. Green (front row): homogeneous 
case (£ = oo). Yellow (second row): £ = 6. Red (third row): 
£ = 3. Blue (last row): harmonic trap (£ = 1). For all val- 
ues of £ the size of the ground state (i.e. its classical turning 
points) is fixed at the same value, and ksT — 2ftw, where uj 
denotes the angular frequency of the harmonic trap. 



order in the parameter q = a s /X T o as 



1 + D x (rj)q + D[ (r))q 2r > + D 2 ( V )q 2 



T c °, (19) 



where the coefficients D\ (77) and D[ (77) characterize large 
distance and short range potential shape effects, respec- 
tively. These coefficients, as well as the second order term 
D2(rj), can be calculated as described very pedagogically 
in Ref. (28[. Note that the inclusion of corrections up to 
second order in the interaction strength is necessary for 
77 ^ 1, i.e. when a quasi- homogeneous Bose condensate 
is formed [H, [28[. Indeed, in this case, the third and 
forth terms in the expansion ([T9]) are not negligible when 
compared to D\{r])q. 

Fig.[H shows the variation of the interacting conden- 
sation temperature T c with the Laguerre- Gauss index £ 
in the IDlg, 2Dlg and 3Dlg configurations described 
previously for 10 6 atoms. 

One can notice in Fig. [4] an increase of the transition 
temperature with the effect being particularly pro- 
nounced when the power-law trap is imposed to the three 
dimensions. Indeed, in the 3Dlg configuration, T c varies 
from 360 nK for £ = 1 to 530 nK for £ = 6. This large 
increase in T c (+50%) is due to the different density of 
states g(e) obtained for £ > 1 when compared to a har- 
monic trap. Indeed, in a semi-classical approach 



g{e) = ^3 J d 3 r J d 3 p 6[e- e*(r, p)] , 



(20) 



where £i(r, p) denotes the dispersion relation p 2 /2m + 
V(p, z). Inserting Eq.(j6]) in this expression and integrat- 
ing over the position and momentum coordinates yields 



9(e) 



3 

7712 



Cat 



h 3 v / 2^r(7 7 + i) 



(21) 



Consequently, g(e) is proportional to e 2 for a harmonic 
trap and to y/e in the homogeneous limit. A schematic 
representation of the associated energy level structures 
can be seen in Fig.[TJ A consequence of these different 
ladder structures is that, when the volume that the atoms 
can access is fixed, the population of the ground state 
at a given temperature is much higher for £ > 1 when 
compared to the same population in a harmonic trap, 
characterized by £ = 1. 

This can be seen in Fig.[5]which shows, at fixed temper- 
ature, the Bose-Einstein distribution of population of the 
first few IDlg trap levels as a function of £. This simple 
effect of redistribution of atomic population favors the 
ground state as £ increases, and it therefore favors con- 
densation at higher temperatures in Laguerre-Gaussian 
beams of high azimuthal orders £. 

In addition, varying £ allows for the exploration of the 
crossover from the inhomogeneous regime (77 > 1), where 
the interaction shift on T c is mainly due to large dis- 
tance potential shape effects (D\(rf)q > D[(r])q 2ri ), to the 
quasi- homogeneous regime (77 < 1), where critical effects 
near the trap center dominate (D\(r])q ^ D[(r])q 2ri ). 



C. Experimental constraints 

To achieve Bose-Einstein condensation using these pro- 
posed Laguerre-Gaussian dark power-law laser traps, it is 
crucial to minimize photon scattering from the trapping 
light since this phenomenon usually constitutes a major 
source of heating in optical traps. To minimize the scat- 
tering rate, traps with large detunings are favorable, and 
dark traps have an advantage over bright traps [29| . In 
the following, we estimate the photon scattering rate in 
the 3Dlg case, which provides the highest condensation 
temperature. 

In the framework of the usual two-level approxima- 
tion [2] , the photon scattering rate can be expressed as 



m 3 
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(22) 



where (/) denotes the averaged light intensity experi- 
enced by the atoms [29| . We can estimate this averaged 
intensity from the atomic density n(r) and the intensity 
profile I(r) using the expression 



< 7 > = ^/ ™(rU(r)d 3 r. 



(23) 



The local density approximation [30| can be used to ex- 
press the atomic density of a thermal cloud of cold atoms 
n(r) in Eq. ([23]) . This yields 
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where U = U± = U Z1 and where the chemical potential 
H of the thermal cloud can be obtained by solving the 
integral equation N = j n(r) d 3 r. 
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FIG. 6: (Color online) Photon scattering rate ?7sc in s _1 as a 
function of £ in the 3Dlg case with P = 5W for a thermal 
atomic cloud at T — 1 pK. Laser detuning 5: black squares 
2ty x 10 GHz, red circles 2tt x 100 GHz, blue diamonds 2ty x 
ITHz, and violet triangles 2tt x IOTHz. 



The variation of the photon scattering rate with £ is 
shown Fig. [6] for a thermal atomic cloud at T = 1 pK and 
for different laser detunings with P = 5W in the 3Dlg 
case. One can see that the smallest detunings S = 2tt x 
10 GHz and 5 = 2tt x 100 GHz yield relatively high photon 
scattering rates of the order of 10 to 100 events per second 
for £ = 1. On the other hand, far detuned from the 
atomic resonance, with S = 2tt x IOTHz for instance, the 
photon scattering rate in these traps is extremely low: in 
the range of 2 x 10 -3 to 10 _1 s _1 only, depending on the 
value of £. This corresponds to heating rates in the range 
of 1 to 40nK/s. These small values make of these types 
of traps good candidates for evaporative cooling towards 
quantum degeneracy. 

Moreover, traps with large values of £ are less sensitive 
to heating processes due to photon scattering events than 
harmonic traps of the same volume (corresponding to 
£ = 1 in Fig.[6j). This is due to a smaller value of the 
averaged intensity of the trapping light, as it could be 
expected from the qualitative picture seen Fig.[TJ 

In addition, with fixed laser parameters, increasing the 
Laguerre- Gauss index £ results in the formation of a less 
confining potential [see Eq. (j5j) or Ref. [16] for instance]. 
Maintaining a fixed condensate volume when i is changed 
therefore requires to modify the laser power P, detuning 
J, or waist wq. These limitations are described in Fig. [71 
This Figure shows, for the realistic and moderate laser 
power P = 5 W and the laser detuning S = 2tt x IOTHz, 
the variation of the laser ring size po of the Laguerre- 
Gauss beam as a function of i, in the IDlg, 2Dlg and 
3Dlg configurations with N = 10 6 atoms. 

In this Figure, one can see that achieving condensation 
with a fixed average atomic density requires a smaller 
ring size po (and therefore a smaller beam waist radius 
wo) in the case of a quasi- homogeneous trap {£ ^> 1) 
when compared to a harmonic trap (£ = 1). 

A higher condensation temperature is therefore ob- 



tained in our study with larger values of £ at the cost of 
a better focusing of the beam. In all cases the ring size 
remains larger than 35 /im, the beam waist radius wo al- 
ways being larger than 20 pm. The focusing required is 
therefore quite achievable experimentally. One can also 
note that a larger waist radius would be obtained if a 
higher laser power P was chosen. 



D. Kinetics of condensation 

Beyond its thermodynamics properties, the kinetics of 
formation of the condensate may also be altered by the 
shape of the trapping potential. 

The fundamental process which governs this kinetics is 
bosonic stimulation. This effect, which results from the 
symmetry of the bosonic wave function with respect to 
the interchange of any pair of particles, induces a self- 
acceleration of the condensate growth since the growth 
rate is proportional to the number of ground state atoms 
already present. 

To determine the influence of Laguerre- Gauss optical 
traps on the kinetics of condensation, we adopt the quan- 
tum kinetic theory approach derived by Gardiner et al in 
1998 [3l|. This approach consists in a major extension of 
the initial model derived in 1997 [32j, taking into account 
the evolution of the occupations of lower trap levels and 
of the Bose-Einstein distribution for the occupation of 
higher trapped levels. This model describes the growth 
of a condensate from a non-depletable bath of thermal 
atoms at a fixed positive chemical potential p and tem- 
perature T. It is therefore only valid for temperatures 
such that at equilibrium the condensate fraction remains 
small (N^ q /N <C 1). Comparisons with more elaborate 
theoretical descriptions and with experimental data have 
shown that this approach is valid up to condensate frac- 
tions of about 10% HH, [H. 




FIG. 7: (Color online) Laguerre- Gauss laser ring size po = 
wo\/£/2 as a function of the Laguerre- Gauss index £ for the 
IDlg, 2Dlg and 3Dlg configurations described in the text, 
with the same condensate volume <V C — ^(ptf) = 5.3 x 
10 3 pm 3 . The laser power is P = 5 W and the light detuning 
is 5 = 2tt x 10 THz. 
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In this case one is left with a simple rate equation for 
the condensate number N c (t) 



dNc 
dt 



2W + x 

where the growth rate [3i 



M - e k B T j N c + 1 



(25) 



P 

9=1 



q 



(26) 

is an explicit function of T. It is also an implicit function 
of N c and of the trap parameters through the expression 
of the chemical potential of the condensate p c = Ptf(N c ) 
given in Eq. (fl4|) . In the expression of the growth rate 
J£(ip) is given by 



JS?(¥>) = ln(l - <p) 



with 



and 



<p = exp 



M -2 MTF (jV e e q) 
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Fig. [8] shows the variation of the condensed fraction 
N c (t)/N with time for the Laguerre-Gauss parameters 
£ = 1 (solid lines) and 6 (dashed lines) in the IDlg, 2Dlg 
and 3D LG configurations with N^/N = 0.1 and N = 10 6 
atoms. We have assumed here that the condensate is 
initially unoccupied: N c (0) = 0. 

In all cases, after a latent period during which the 
growth is dominated by the spontaneous rate equation 
N c ~ 2W + , the stimulated effect takes over, and N c oc 
2W + x N c . This results in a very rapid growth, until 
saturation is achieved when p c ~ p,. 

For £ = 1, the IDlg, 2Dlg and 3Dlg configurations 
are characterized by the same shape parameter rj and 
by identical trap volumes. These three configurations 
therefore present identical density of states, and the time 
required to form a condensate in these three traps is the 
same: about 0.3 s. On the other hand, with £ = 6, even if 
the trap volume is fixed, a shape effect appears since the 
shape parameter r] differs in the IDlg, 2Dlg and 3Dlg 
configurations. As a consequence, the times of forma- 
tion of the condensate in these three traps are different. 
The fastest condensation takes place in the 3Dlg con- 
figuration, in about 35 ms. A substantial speed-up of up 
to one order of magnitude is therefore expected using 
Laguerre- Gaussian beams when compared to the usual 
harmonic trap. This acceleration can be interpreted us- 
ing the growth equation ([25]) from the increase of the con- 
densation rate W + with temperature [33[ and from the 
shape effect due to the ^-dependence of W + . 




t (s) 



FIG. 8: (Color online) Condensate growth curves N c (t)/N 
as a function of time for an equilibrium condensed fraction 
N^/N = 0.1 and N — 10 6 in the 1D LG , 2D LG and 3D LG 
configurations described in the text, with the same conden- 
sate volume V c — ^t(mtf) = 5.3 x 10 3 /im 3 . The two cases 
considered here are the one of the harmonic trap £ — 1 (solid 
lines) and the one of the £ = 6 Laguerre-Gauss trap (dashed 
lines) . 



E. Evaporation 

Beyond the specific problem of the kinetics of the 
condensation process studied here, remains the crucial 
point of the mechanism used to cool the atoms in these 
Laguerre-Gauss power-law traps. 

As mentioned previously, in a blue-detuned Laguerre- 
Gaussian optical trap, the trapping potential is not sim- 
ply given by a pure power-law variation, but by the ex- 
act expression ((3]). This trapping potential is therefore 
characterized by the presence of a potential barrier at 
p = po. Consequently, an evaporation ramp can be car- 
ried out to cool the atoms by simply lowering the power 
P of the Laguerre-Gauss beam, as it is commonly done 
with standard Gaussian laser beams [35[ . 

However, this simple evaporation mechanism suffers 
from the fact that the trap confinement is reduced during 
this forced evaporative cooling procedure. This is a se- 
rious limitation which originates from an induced reduc- 
tion of the trap frequency, of the collision rate, and con- 
sequently of the evaporation efficiency. Achieving con- 
densation using this simple forced evaporation procedure 
therefore requires starting from an atomic cloud with a 
large phase-space density and a high collision rate [36| . 

This unwanted decrease of the evaporation rate can 
be limited using for instance a mobile lens in order to 
decrease the beam waist radius at the same time as one 
decreases the laser power [37| • 

Recently, new strategies have also been developed in 
order to improve the evaporation efficiency in optical 
traps. One of these successful procedures uses for in- 
stance a combination of a tightly confining optical dipole 
trap and of a much wider laser beam in order to con- 
trol independently the trap confinement and the trap 
depth 0. 

There is no reason to think that achieving large ini- 
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tial phase-space densities could be problematic with 
Laguerre-Gaussian traps, but even if it is the case in 
a specific experimental configuration, a similar approach 
could be considered to improve the evaporation efficiency. 

In any case, it is interesting to note that the growth 
rate of the condensate W + is proportional to the atomic 
collision rate. The increased rate of formation of the 
condensate with an an-harmonic Laguerre Gaussian trap 
LGq, with I > 1, is thus primarily due to a higher colli- 
sion rate in such traps at the condensation temperature. 
This increased collision rate should be helpful for BEC 
production. 

IV. CONCLUSION 

To conclude, we have presented a realistic theoreti- 
cal analysis of an original all-optical setup designed for 
Bose-Einstein condensation. This setup is based on 
crossed Laguerre-Gaussian laser beams. Our analysis 
is made in realistic experimental conditions: the results 
presented here require for instance 5 W@760.4nm, with 
a laser detuning S = 2tt x IOTHz and with laser ring 
sizes po ^ 35 /im, corresponding to laser waist radius 
wo ^ 20 /im. In these trapping potentials, the photon 
scattering rate can be reduced down to extremely low 
values, of the order of a few 10 _3 s _1 , thus providing 
long coherence times for the trapped atoms. 

We have shown that high Laguerre- Gauss azimuthal 
orders £ provide increased condensation temperatures 
(+50%) when compared to the usual harmonic trapping 
situation. In this case, the condensate formed for dif- 
ferent values of £ has the same typical size but has a 
different shape. Furthermore, a substantial speed-up (up 



to one order of magnitude) for the time of formation of 
the condensate is also predicted. These improvements, 
whose physical origin lies in the density of states asso- 
ciated with these traps, along with the long coherence 
times expected in dark optical traps, could be influential 
in domains where large condensate occupation numbers 
are necessary, or where higher experimental repetition 
rates are desired. 

In addition, this all-optical trapping configuration 
should allow for the experimental exploration of the 
crossover between a quasi-homogeneous Bose gas and an 
inhomogeneous one formed for instance in a harmonic 
trap. For £ > 10, one is left with an almost perfect homo- 
geneous Bose gas, and the influence of long- wavelength 
non-perturbative critical fluctuations on T c should be- 
come measurable. 

Finally, compared to recent experimental realizations 
of Bose-Einstein condensates in a box realized with 
Her mite- Gaussian TEMoi laser beams [39], our proposal 
should lead to a much greater steepness of the repulsive 
walls, and therefore to a better experimental modeling of 
a homogeneous trap. 
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